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THE DIFFUSION OF OXYGEN THROUGH STORED COAL. 


By S. H. Karz. 


INTRODUCTION. 


This study of the rate of diffusion of oxygen through coal forms 
part of an extended investigation of the conditions affecting deterio- 
ration and spontaneous combustion of stored coal that has been 
undertaken by the Bureau of Mines, under the direction of Horace 
C. Porter, formerly chemical engineer of the bureau. 

The experiments herein described were made in the attempt to de- 
termine the effects of the size of the coal pieces and the proportion 
of voids in a coal pile on the rate at which oxygen can be brought by 
diffusion from the air around the pile to the coal within, the purpose 
being to discover the bearing of diffusion on the rate of spontaneous 
heating within the pile. 

The fact that coal oxidizes at ordinary temperatures has been well 
established by many investigators Winmill measured the heat 
evolved during such oxidation and found that per unit of oxygen 
consumed it is nearly as great as that produced by combustion at high 
temperatures. Combination of oxygen with coal during storage 
causes a loss in heating value of the coal. Porter and Ovitz® have 
shown that coal from New River, W. Va., exposed to the air out of 
doors, at Key West, Fla., for two years, lost 1.85 per cent of its calorific 
value. At Portsmouth, N. H., a comparative lot of the same coal lost 
0.77 per cent of its calorific value in two years. Industrial and 
economic conditions often necessitate the storage of large quantities 
of coal, so that the loss of fuel values throughout the country from 
this cause is considerable. 

As spontaneous combustion frequently occurs when bituminous 
coal is stored in large quantities for any length of time,’ there is 


“ Richters, E., Uber die Veriinderungen welche die Steinkohle beim Lagern an der Luft 
erleiden: Dingl. Poly. Jour., vol. 195, 1870, 315-331 and 449-458; Porter, H. C., 
and Ralston, O. C., A study of the oxidation of coal: Tech. Paper 65, Bureau of Mines, 
1914, 30 pp.; Winmill, T. F., The absorption of oxygen by coal: Coll. Guard., vol. 108, 
1914, pp. 564-567; Porter, H. C., and Ovitz, I. K., Deterioration in the heating value 
of coal during storage: Bull. 136, Bureau of Mines, 1917, 38 pp. 

>Porter, H. C., and Ovitz, F. K., Deterioration and spontaneous heating of coal in 
storage: Tech, Paper 16, Bureau of Mines, 1912, 14 pp. 

¢ Porter, H. C., and Ovitz, F. K., work quoted; Crapo, G. R., Land storage of bitumi- 
nous coal; the ever present factor of spontaneous combustion; and a few facts and sug- 
gestions in connection with same: Jour. Am. Soc, Naval Eng., vol. 27, 1915, pp. 663-674. 
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8 DIFFUSION OF OXYGEN THROUGH STORED COAL. 


need of more information about the causes of spontaneous combus- 
tion, and the present.work has a bearing on this problem also. 

When coal is stored in the air, the diminution of oxygen in the air 
within the mass, through oxidation of the coal, causes oxygen from 
the outside air to enter by both convection and diffusion, thus pro- 
viding the means for further oxidation. The amount of oxidation 
from diffusion while air is entering by convection will vary with the 
magnitude of the convection. Hence the amount of oxidation that 
may be attributed to either convection or diffusion will differ greatly 
with conditions. This paper, however, considers only the effects of 
diffusion. 

PLAN OF THE EXPERIMENTS. 
DESCRIPTION OF APPARATUS. 


The apparatus used in the investigation is pictured in Plate I. De- 
tails are shown in figures 1, 2, 3, and 4. In Plate I, a@ indicates a 
Kipp generator for the hydrogen used to remove the oxygen by com- 
bustion; 6 and ¢ represent two 20-liter bottles for collecting and 
measuring the hydrogen; d is a bubbler for showing the rate of flow 
of the hydrogen; e is the lower and f the upper separable sections of 
the chamber in which the diffusion took place. 

The chamber may be considered divided into three compartments, 
placed one above the other. Details of the lower compartment and 
of the coal compartment are given in figure 1, in which a, a,, and a, 
represent tubes opening into the interior, a, and a, being closed with 
rubber stoppers. Through a, was run a capillary tube 0, from the 
center of the lower compartment to the gas-sampling apparatus. 
The coal was supported by a stiff steel-wire net, d, of }-inch mesh, 
resting on the lugs ¢ and ¢ When coal finer than 34-inch mesh was 
used a fine wire gauze was laid over the net. 

The circular reservoir e was built around the coal compartment. 
Near the bottom of the reservoir the rod 7 bent into a circle was solidly 
fixed by means of the rods & and j, which were placed at intervals. 
The reservoir was kept two-thirds full. When the upper compart- 
ment was in place the water seal separated the gas inside from the 
air outside. On top of this compartment were the five tubes /,, /., 
k,, ky, and i, (fig. 2) leading to the interior. Tube /, was closed by 
a rubber stopper; tube /, was joined to the stop cock 0, through tube 
k, passed a glass tube with cock j for conducting the hydrogen. In- 
side the compartment this tube was joined to an absorption tube / 
(fig. 3) filled with glass wool to prevent backfiring. The hydrogen 
was led further to the silica nozzle m, at the center of the compart- 
ment. The jet of hydrogen was ignited by the electrically heated 
platinum spiral n. A glass window (PI. I) allowed the progress of 


Google 


| Biv1d O4b Y3dVd TWWOINHOSL 


“SLN3WIY3dX3 NI G3SN SNLVEVddY 


83NIN 30 Nv3uNG 


IN UNIVERS 


w Goc gle 


PLAN OF THE EXPERIMENTS. 9 


combustion to be watched. The capillary tube ¢ (fig. 3) for taking 
gas samples led from the center of the compartment through the 
tube &,. Also at &, the tube d connected the water manometer e with 
the interior of the apparatus. A solution of equal parts of glycerin 
and water was used in the gas-sample tubes g and the leveling bottles 
h (figs. 1 and 3) to displace the gas when procuring samples. 


te 


FicurE 1.—Vertical section of lower part of diffusion chamber. 


Ss) a, 


While the oxygen was being burned from the upper compartment 
the coal was covered with a diaphragm of “ rubberized ” cloth 7 (fig. 
1), shown in detail in figure 4. Diffusion was started by removing 
the diaphragm through pulling proper strings. These strings were 
tied at the reinforced holes shown in figure 4 and were arranged as 
shown in the figures. In use the diaphragm was placed over the coal 
compartment and the strings brought down and under the circular 
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10 DIFFUSION OF OXYGEN THROUGH STORED COAL. 


rod 2, figure 1, and up and over the outside rim of the reservoir. By 
pulling the proper strings the diaphragm could be stretched tightly 
over the coal with its edge on all sides dipping below the surface of 
' the water and forming a practically gas-tight covering. When the 
upper compartment was in position, the diaphragm could be re- 
moved by pulling other strings. Both edges of the reservoir were 
finished to allow the strings and diaphragm to slide readily. As 
assembled for experiment the upper and the lower compartments 
of the apparatus contained very nearly equal volumes. 


DATA AND CALCULATIONS. 


Samples of gas were taken periodically from the lower and the 
upper compartment and analyzed to indicate the change of concen- 


Fiovure 2.—Plan of top of diffusion chamber. 


tration of oxygen. From the analytical results and the time the 
samples were taken the time required for a definite degree of dif- 
fusion to take place was calculated. 

The size of the particles, the percentage of voids, and the depth 
of coal in the coal compartment were varied. Comparison of the 
calculated vatues of time for diffusion, which were obtained with the 
different conditions in the coal, showed the effect of these varying 
conditions on the rate of diffusion through the coal. 


PERTINENT FACTS BROUGHT OUT BY THE INVESTIGATIONS. 


The investigations have shown the following facts: 
(1) That in itself the size of the coal particles has no effect on 
the rate at which oxygen diffuses through a mass of broken coal. 


PERTINENT FACTS BROUGHT OUT BY THE INVESTIGATIONS. 1l 


(2) That, with masses of coal having different proportions of 
voids, the time required for a definite amount of diffusion increases 
in about inverse proportion to the percentage of voids. 

From this information the following principles of practical im- 
port in reducing deterioration of stored coal may be deduced: 


Ficcre 3.—Vertical section of upper part of diffusion chamber. 


Although it is best that there should be no fines in stored coal, yet 
when coal of mixed sizes is to be stored, it is advantageous to handle 
it so that the large and the small pieces are kept evenly mixed. 

In building a coal pile the aim should be to prevent fine and coarse 
coal segregating through the larger pieces rolling down the sides of 
the piles. 


Google 


12 DIFFUSION OF OXYGEN THROUGH STORED COAL. 


COAL USED IN EXPERIMENTS. 


In each experiment described in this report the coal used was 
from the Pittsburgh bed. Coal that had been exposed to the air 
several months and had oxidized to some extent was selected so as 
to reduce the amount of oxidation during the experiments. 

The records of the experiments are given in Tables 1 to 11. For 
some of the experiments, 1A, 1B, 2A, 2B, 2C, 3A, 3B, 4A, 4B, 7A, 7B, 
as designated in these tables, the coal was crushed and carefully 
screened to size, and the percentage of voids was determined in a 
thoroughly compacted sample. In prevarine the apparatus for ex- 


Figure 4.—Plan of rubber diaphragm, 


periment, the coal was put in and well shaken so as to make it as 
compact as possible. Especial care was taken to have a minimum 
and uniform amount of voids and also to have the same proportion 
of voids in the apparatus and in the sample in which voids were deter- 
mined by comparing the real volume of the coal as calculated from 
weight with the volume of the coal compartment. The coal was then 
made level with the top edge of the coal compartment. 

For experiments 5A, 5B, 6A, 6B, the quantity of 2-mesh to 4-mesh 
coal required to fill the coal compartment was taken. To this was 
added the calculated volume of 40-mesh to 60-mesh coal required to 
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fill the voids in the larger coal. The two sizes were evenly mixed 
and put into the apparatus. The percentage of voids was calcu- 
lated from the data obtained in previous determinations of the voids 
in each size of coal. 

To vary the depth of the coal compartment for experiments 6A, 
6B, 7A, 7B, a sheet-metal collar of larger diameter and proper height 
was placed upon the fixed support c, figure 1, and the screen was 
placed on this collar. A weight of coal equal to the difference be- 
tween that used to fill the deep coal compartment and to fill the 
shallower coal compartment, was placed on the bottom of the lower 
compartment. In this way the lower compartment was raised to 
a height equaling that to which the screen supporting the coal 
was raised. The gas-sampling tube 0, figure 1, was extended so as 
to reach the center of the new position of the lower compartment. 

For experiments 8A, 8B, 9A, 9B, 10A, 10B, the coal was derived 
from large storage piles of an industrial plant near Pittsburgh. 
That used in experiments 8A and 8B was a representative sample 
taken from a point midway up the side of a pile. It consisted of a 
mixture of all sizes from }-inch lumps down to fine particles. The 
coal in the apparatus was thoroughly shaken, as in the previous ex- 
periments, to make the coal as compact as possible. This shaking 
caused segregation, part of the finer material going to the bottom 
and part of the coarser going to the top. 

Experiments 10A and 10B were made with the same coal as used 
in 8A and 8B, but the coal was put into the apparatus without shak- 
ing and especial care was taken to have an even mixture of sizes and 
to prevent segregation. 

A representative sample of the coal from the bottom of the stor- 
age piles was used in experiments 9 A and 9B. It consisted mostly of 
lumps of from 1-inch to as large as 3-inch size that had rolled down 
_ the side of the pile. The coal was put into the apparatus as com- 
pactly as possible. 


PROCEDURE IN EXPERIMENTS. 
REMOVAL, BY COMBUSTION, OF OXYGEN IN UPPER COMPARTMENT. 


The capacity of the upper compartment, calculated from dimen- 
sions, was 37.3 liters. This included the volume of the annular 
space above the water and below the level of the coal when the 
water in the reservoir was 3} inches deep. To combine with the 
oxygen in the quantity of air required to furnish 37.3 liters of 
nitrogen: (plus inert gas), 19.8 liters of hydrogen was required. For 
each experiment 19.8 liters of hydrogen measured under atmospheric 
conditions was used. 
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14 DIFFUSION OF OXYGEN THROUGH STORED COAL. 


Before making a combustion test the apparatus was assembled, 
all openings to the outside were closed, pieces of ice were put on the 
top to absorb the heat, and the platinum glower was heated to 
redness. Then the hydrogen was admitted. 

The duration of each experiment was measured in hours, the time 
of igniting the hydrogen being taken as zero. 

During the early part of the combustion the pressure rose because 
of the heat, but in a few minutes fell below that of the external air. 
The rubber stopper closing the tube a,, figure 1, was then removed and 
air was allowed to flow from the outside into the lower compartment, 
whence it passed through the coal, raised a submerged edge of the 
diaphragm above the water and entered the upper compartment. 
When about 14 liters of hydrogen had been used, combustion became 
less active and the hydrogen was not consumed as fast as it entered. 
The pressure rose to atmospheric and at this point the rubber stopper 
was again replaced at a,. The flow of hydrogen was continued till 
15 to 20 minutes from the start of combustion when the required 
19.8 liters had entered the diffusion apparatus. The pressure had 
risen and the heated glower slowly continued the combustion. After 
a total period of combustion of about 1} hours the pressure had de- 
creased to about one-fourth inch of water. Combustion was then 
stopped. 

To allow the temperature of the apparatus to approach that of 
the room the ice was removed from the top and the top wiped dry. 
It was allowed to stand in this condition for about five minutes. 


TAKING GAS SAMPLES. 


After the temperature of the parts of the apparatus had become 
more nearly uniform, samples of gas were taken in the manner de- 
scribed below. In this sampling, and in the taking of all other sam- 
ples, the samples were drawn as nearly simultaneously as possible 
from the top and the bottom compartments so as to reduce the pres- 
sure equally in both. The two leveling bottles were placed at the 
same distance below the height of the column of liquid to which 
each was connected in order to give the same amount of suction in 
each sample tube. First, about 5 c. c. of gas was withdrawn and 
expelled into the air in order to bring fresh gas into those parts of 
the connecting tubes that were not filled with the glycerin solution. 
Then from each compartment about 50 ¢. c. was drawn for samples. 


DIFFUSION OF OXYGEN, 


Immediately after the taking of the first pair of samples diffusion 
was started by quickly removing the diaphragm from the surface of 
the coal. The time of removal of the diaphragm was recorded and 
considered as the starting time of the diffusion. 
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RESULTS OF EXPERIMENTS. 15 


The sample tubes containing the gas were disconnected and the 
percentage content of oxygen determined with a Haldane apparatus. 
In this and subsequent determinations the small amount of carbon 
dioxide in the gas was removed before determination of the oxygen 
and the percentage of oxygen calculated on the basis of a gas free 
from carbon dioxide. 

At regular intervals samples of gas were taken, in the manner de- 
scribed, and analyzed. The time of taking the sample was recorded 
to the nearest minute. 

During the experiment there was not only a diffusion of oxygen 
from the lower to the upper compartment, but also a diffusion of 
nitrogen from the upper compartment to the lower. The results ob- 
tained by analysis measure the combined effects of these two proc- 
esses. For the purpose in view, however, only the diffusion of the 
oxygen need be considered. 

While diffusion was taking place the composition of the gas in 
either the lower or upper compartment could not have been uniform, 
but must have differed at different heights in the compartment. By 
drawing the samples from the center of the compartments it was 
presumed that gas of average composition was obtained. 


RESULTS OF EXPERIMENTS. 


The data obtained from the different experiments are tabulated in 
Tables 1 to 10. In figures 5 to 25 the relations between time and the 
percentage of oxygen in both upper and lower compartments are 
shown by the circles. The upper circles show the percentage of oxy- 
gen in the lower and the lower circles that in the upper compartment. 
The crosses show the relation between the concentration of oxygen 
and the time, as calculated by the method described later. 

The fifth column in Tables 1 to 10 gives the sum of the percentages 
of oxygen in the top and the bottom compartment. In every instance 
the first figure in this column is several units lower than those fol- 
lowing, probably because the diaphragm, before its removal, sepa- 
rated gas mixtures of widely different composition. After removal of 
the diaphragm the oxygen from the coal diffused rapidly into the 
upper compartment, until the graduation in composition of the gas 
in the coal compartment was uniform from top to bottom. In this 
way the percentage of oxygen in the upper compartment increased 
without the lower compartment showing a corresponding loss, so 
that the sums of the analyses after the first were higher. 

Another factor that may have increased this difference was hydro- 
gen left unburned in the upper compartment. An experiment showed 
1 per cent of oxygen and 1.56 per cent of hydrogen left in the 
upper compartment after a combustion. According to Graham’s 
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law * hydrogen should diffuse four times as fast as oxygen. A rapid 
diffusion of the unburned hydrogen from the upper compartment 
would tend to increase the percentage of oxygen in the residual gas 
and would not produce a corresponding decrease in the greater 
volume of gas below. An increase in the sum of the percentages 
would result. However, the diffusion of the hydrogen is compara- 
tively rapid and its quantity is small, so that its effect may be con- 
sidered negligible after the second analysis. 

The percentages of oxygen in both the top and the bottom com- 
partments were also modified by the absorption of oxygen by the coal. 
After experiment 3B had been made the apparatus was allowed to 
stand closed from the outside air and the oxygen determined after a 
lapse of three days. The results showed a decrease in the sum of 
oxygen in top and bottom amounting to 0.02 per cent per hour. 

When performing the experiments with coal of larger sizes especial 
care was taken to have the apparatus of uniform temperature before 
starting the diffusion and to shield it from drafts and otherwise pre- 
vent changes of temperature during the experiment. Even with these 
precautions convection effects were evident and the results from 
the larger coals did not check well. With coals of a size of two to 
four mesh or smaller, no such trouble was experienced. 


CALCULATION OF DIFFUSION. 


Fick?” stated his law of diffusion thus: 

The amount of salt that diffuses through a given cross-section is proportional 
to the difference in concentration of two cross sections lying infinitely near to 
one another, or is proportional to the difference in concentration. 

With these principles as a basis, an equation for the diffusion was 
developed as described under “ Theory of diffusion,” on later pages. 
This equation, which expresses the relations between time and con- 
centration of oxygen in the upper compartment of the apparatus 


during diffusion, is t=C+K logy 2—* (c—y) in which ¢ is time 


C is a constant of integration, K is a constant for each experiment 
and is numerically equal to the time required for the difference in 
concentration of oxygen in the lower and upper compartments to 
change from a difference of 10 per cent to a difference of 1 per cent; 
a is concentration of oxygen in the upper compartment at beginning 
of diffusion; 6 is concentration of oxygen in the lower compartment 
at beginning of diffusion; ¢ is concentration of oxygen throughout 
the whole apparatus when concentration becomes uniform; and y is 
the variable concentration of oxygen in the upper compartment at 
any time, ¢. 

*Graham, T., On the law of the diffusion of gases: Philos. Mag., ser. 3, vol. 2, 1833, 


p. 175. 
brick, A, Uber Diffusion: Ann, Phys, Chemie, Bd. 94, 1855, pp. 59-86, 
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RESULTS OF EXPERIMENTS. oe 


By substituting values for ¢, y, a, 6, c, obtained by experiment, in 
the equation, values for C and K may be calculated for each experi- 
ment. 

With the calculated values for C and K substituted in the equa- 
tions, values for ¢ for the assumed values of y, 0, 1, 2, 3, .. ., have 
been calculated and are given in Tables 1 to 10 in the succeeding 
chapter on Theory of Diffusion. On figures 6 to 15 these calculated 
values are represented by the X marks. The reader should note 
the very close agreement between the curves representing the experi- 
mental and the calculated data. This agreement indicates that the 
diffusion of oxygen through the atmosphere in the voids of broken 
coal closely follows the laws stated by Fick. 

As expressed above, the values of K are numerically equal to the 
time required for the difference in concentration of the oxygen in the 
lower and the upper compartment to change from a difference of 10 
per cent to a difference of 1 per cent. By comparing the values 
obtained for K from the results of the various experiments, the rela- 
tions between the rates of diffusion of oxygen under the different 
experimental conditions may be found. 


EFFECT OF THE SIZE OF COAL ON DIFFUSION. 


Table 11 shows the values for constant K, which express decimal 
hours. In experiments 1A, 1B, 2A, 2B, 2C, 3A, 3B, 4A, 4B, four dif- 
ferent sizes of coal were used, but the depth was the same. Although 
the sizes of coal used varied through wide limits, the percentages of 
voids in the coals fall between comparatively narrow limits and for 
this comparison may be considered equal. By the well-known 
example, a measure of bird shot weighs the same as a measure of 
buckshot. Hence the analogy between the proportion of void space 
in a mass of uniformly sized shot or spheres, which is independent of 
the actual size of the spheres, and the void space in uniformly sized 
coal is evident, and the percentage of solid and of voids should be 
the same in each unit volume of uniformly sized coal, regardless of the 
relative sizes of coal in the different lots compared. In these ex- 
periments with four widely different sizes of coal, the two variables, 
depth and percentage of voids, are comparatively constant, and K is 
quite constant. The greatest deviation of K is for the largest coal, 
1-inch to 2-inch lumps, and here convection is largely responsible for 
the smaller values of K. 

It may be concluded, then, that when the size of particles in a 
coal mass is uniform, the size itself, within the limits of the experi- 
ments, has no effect on the rate of diffusion of oxygen through the 
coal. 
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18 DIFFUSION OF OXYGEN THROUGH STORED COAL. 


EFFECT OF THE PROPORTION OF VOIDS ON DIFFUSION. 


In figure 26 the relations between the percentage of voids and K 
are shown for experiments with coals 8 inches in depth. If the per- 
centage of voids were zero—that is, if the coal mass were solid— 
no diffusion could take place through it, and K, which measures time 
of diffusion, would become infinity. At the other extreme there 
might be 100 per cent of voids, or no coal whatever in the coal com- 
partment. Then the time of diffusion, or K, would be greater than 
zero but smaller than any value obtained where coal obstructs diffu- 
sion. Ifa smooth curve is drawn through these two assumed extreme 
points and the average intermediate points found by experiment, as 
in figure 26, the curve is seen to approximate a rectangular hyperbola 
(the dotted line) symmetrical with respect to the coordinate axes. 

An attempt was made to show that the experimental curve is a 
hyperbola that probably deviates slightly from the symmetrically 
placed hyperbola because of certain features peculiar to the conduct 
of the experiments. However, the experiments only warrant the 
making of these deductions: 

In coal aggregates having different proportions of voids, but with 
other conditions the same, reduction in the percentage of voids in- 
creases the time required for a definite amount of diffusion by an 
amount scmewhat less than is proportionate to the decrease in voids. 

The product of the percentage of voids and the time for a given 
amount of diffusion of oxygen increases regularly with increase in 
percentage of voids. 

This relation may be better understood if stated in terms of figures, 
thus: If a certain amount of voids allows a definite amount of diffu- 
sion to occur in a certain time, and the amount of voids is then 
reduced to one-half its former value but other conditions are kept 
constant, the time required for the same amount of diffusion will be 
somewhat less than twice the time required under the first condition. 


EFFECT OF DEPTH OF COAL ON DIFFUSION. 


Enough data have not been obtained for definite conclusions re- 
garding the effect of depth of coal. However, it might be expected 
that the increase in time required for a given diffusion would be 
proportional to the increase in depth of coal. In Table 11 data from 
experiments 6A and 6B are the results obtained with a coal 3} inches 
deep. Using these data and calculating the time required for diffu- 
sion through 8 inches depth of coal by direct proportion, there is 
obtained : 

83:3.92::8:K. K=8.36. 
3}:3.95::8:K. K=8.42. 

In two experiments with the same ccal 8 inches in depth, experi- 
ments 5A and 5B, IK was found to be 8.54 and 8.77. 
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In experiments 7A and 7B data were obtained from coal 53 inches 
in depth. From these results the time required for a same amount of 
diffusion through a layer of coal 8 inches deep, by direct propor- 
tion, is: 

5}: 3.03::8:K. K=4.22. 
53:3.04::8:K. K=4.23. 

The same coal used in a layer 8 inches deep in experiments 2A, 
2B, and 2C gave the values 4.11, 4.14, and 4.18 for K. 

The agreement between the lengths of time required for a given 
amount of diffusion, calculated on the assumption that the diffusion 
through coal varies inversely with the depth, and those found by 
experiment on the same depth, is reasonably close. The indications, 
then, point to the correctness of the assumption. 


PRACTICAL APPLICATIONS OF RESULTS. 


Under some circumstances air supplied by convection may act as 
the main source of deterioration and spontaneous combustion in 
stored coal, but this paper considers only diffusion and its effects. 
The results of the experiments described show especially the impor- 
tance of the proportion of voids in a mass of stored coal exposed to 
the air, in determining the possible amount of oxidation through 
oxygen entering the mass by diffusion. The amount of voids in any 
mixture of coal pieces can be kept low by having the large and small 
size coal uniformly mixed. If the proportion of small size to large 
were such that the volume of the small were just enough to fill the 
voids in the larger size, and this process repeated indefinitely with 
still smaller sizes, a limit of no voids would be approached. In prac- 
tice such an arrangement could not be made. But, on the other hand, 
it is an ideal to be approached as nearly as practicable. 

Separation of fine and of coarse coal is incident to most methods 
of handling coal. This separation serves to increase the amount of 
voids in the segregated parts of the mass. Segregation takes place 
very readily when a pile is made, as is usually the case, by adding 
each increment at the apex of the pile. Most of the largest lumps 
then roll to the bottom, and there is a somewhat regular gradation 
of sizes up the side of the pile, with the smallest sizes at the top. 

As the result of investigations of spontaneous fires in coal on 
shipboard, the New South Wales Commission® found that in every 
instance investigated the spontaneous fire originated in the heap of 
dust under the hatchway. Dust particles expose a larger surface per 
unit of weight to the action of oxygen. But, such considerations 
aside, this investigation of diffusion explains how segregated dust in 


¢Threlfall, Richard, The spontaneous heating of coal, particularly during shipment: 
Jour. Soc. Chem. Ind., vol. 28, 1909, pp. 759-773. 
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a mass of coal receives more oxygen from the outside air by diffusion 
than it would receive if the same mass of coal had been stored so 
as to have a lower proportion of voids. 

Segregation in coal piles may be largely prevented by carefully 
building the pile so as to prevent coal rolling down the sides. The 
ground on which the pile is to stand may first be covered evenly and 
completely with a layer of coal. On this first layer a second layer 
may be placed with equal care, then a third, and so on. 

It has been shown that a mass of very small, uniform coal particles 
has no practical effect in retarding the diffusion of oxygen through 
it. And the proportion of voids in very fine coal, when uniformly 
sized, is the same as in lump coal when uniformly sized. However, it 
might have been expected that the smaller size would retard diffusion 
because of increased friction between coal and gas molecules, each 
of which has its own velocity, owing to the greatly increased surface 
of contact. That very fine coal oxidizes more readily than coarse and 
is more liable to spontaneous combustion is well understood. In 
addition to the greater danger from other sources, under otherwise 
similar conditions, the experiments described show that by diffusion 
oxygen is brought from the air to the interior of a mass of fine coal 
just as readily as to the interior of a similar mass of larger sized 
coal. 

CONCLUSIONS. 


The results of the investigations described in this report may be 
summed up in these conclusions: 

1. The principles stated in Fick’s law of diffusion have been found 
applicable to the diffusion of oxygen through the atmosphere in the 
voids of broken coal. 

2. In a mass of broken coal, through which oxygen is diffusing, the 
size of the pieces has within practicable limits no effect on the rate 
of diffusion, all other conditions being constant. 

3. If the proportion of voids in a mass of coal pieces is varied, 
the time required for a definite diffusion of oxygen increases approxi- 
mately in inverse proportion to the percentage of voids. The product 
of the percentage of voids and the time required fer a given diffusion 
increases directly with the increase in the percentage of voids. 

4, The amount of oxygen diffusing through the interstices in a 
mass of coal pieces seems to vary inversely as the depth of the coal. 
Enough experiments to justify a more definite conclusion have not 
been made. 

5. Coal stored in lumps or smaller pieces of uniform size contains 
a high proportion of voids and oxygen diffuses readily through the 
mass. In run-of-mine or slack coal, which contain a great variety of 
sizes, the proportion of voids is less and the diffusion of oxygen is 
slower. 
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6. Mixing different sized pieces in a mass tends to reduce the pro- 
portion of voids. In storing coal in the air factors other than diffu- 
sion may be accelerated or retarded by changes in voids; but if diffu- 
sion alone be considered, mixing the sizes of coal will reduce the 
oxygen entering the pile by diffusion. 

7. Building of a coal pile, so as to reduce or prevent segregation 
of the large and the small pieces, will lessen the proportion of voids 
in the pile, will tend to keep down the amount of oxygen entering the 
pile by diffusion, and thus reduce oxidation from this source. 


THEORY OF DIFFUSION. 


If, during the diffusion of the oxygen through tne coal, the grada- 
tion of the percentage of oxygen with the height of the coal is regu- 
lar, it may be assumed on the basis of Fick’s law that the concentra- 
tion of oxygen in the upper compartment increases at a rate directly 
proportional to the difference between the concentration of the 
oxygen in the lower and in the upper compartment of the diffusion 
apparatus. 

In order to express these relations in algebraic form for use with 
the data obtained from the experiments, all concentrations of gas 
being expressed in percentage by volume, let 

a=the concentration of oxygen in the upper compartment at the 
start of diffusion; 

b=the concentration of oxygen in the lower compartment and 
in the coal compartment at the start of diffusion; 

c=the concentration of oxygen throughout the apparatus when 
the concentration becomes uniform; 

v=the volume of gas above the diaphragm; 

V=the volume of gas below the diaphragm. 

Let 

t be any time after starting the experiment and y be the concen- 
tration of oxygen in the upper compartment at any time, ¢. 

Then at any time during diffusion the volume of oxygen that has 
entered the upper compartment is 


(1) v (y—a) 

~100-— 

The lower compartment has lost a volume of oxygen equal to that 
gained by the upper (neglecting the changes of amounts of oxygen 
in the coal compartment, which are small in comparison). So the 
percentage of oxygen lost by the lower compartment at any time, ¢, is: 


(2) py-a). 
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Both members of the following equation express the total volume 
of oxygen in the apparatus: 


(3) av+bV=c(v+V). 
Hence: i 
v_b-e 
(4) Vo cma. 
Substituting the above value of ? in expression 2, it becomes: 
b—c 
(5) sig aa 


Subtracting this from the percentage of oxygen in the lower com- 
partment at the beginning of diffusion gives the concentration of 
oxygen in the lower compartment at any time: 

c 
(y—-4@). 


b 
(6) ve c—a 
Then the difference in percentage of oxygen in the lower and upper 


compartments at any time is expressed by (6) minus y, which by 
transformation becomes: 


es 
(7) paar (e—9)- 
Now, if the rate of increase in percentage of oxygen in the upper 
compartment is directly proportional to the difference in concentra- 


tion of oxygen in the lower and upper compartments at any time, the 
following equation expresses these relations: 


8) WY op = (-y). 

By integration this gives: 

(9) t=C-;—“x se Log,, ee (e—y). 
Let 

(10) ak PEN Le 

Then (9) becomes: 

(11) t=C+K log,, exe (c—y). 


Equation 11 gives the relations between time and percentage of 
oxygen in the upper compartment that were being sought. 


In equation 11 the quantity zee (c—y) equals the difference in 


concentration of oxygen, expressed in per cent, in the lower and 
upper compartment at any time. When this difference becomes equal 
to unity the logarithm of the quantity is zero and equation 11 be- 
comes: 

(12) v=C. 

C, then, is numerically equal to the time that is required for the 
difference in percentages of oxygen in the upper and lower compart- 
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ments to attain a value of 1, the time being measured from the point 
arbitrarily assumed to be 0. 

When the difference in concentration of oxygen in the upper and 
lower compartments becomes equal to 10 per cent, the log of the 
difference is unity. Equation 11 then becomes: 

(13) t’’=C+K. 

Subtracting equation 12 from 13 gives the reiation between time 
and the constant K: 

(14) . t’—t’=K. 

The constant K, then, is numerically equal to the time that is 
required for the difference in concentration of oxygen in the lower 
and upper compartments to change from a value of 10 per cent toa 
value of 1 per cent. 

By comparing the values obtained for K from the results of the 
various experiments, the relations between the rates of diffusion of 
oxygen under the different experimental conditions may be found. 


METHOD OF EVALUATING C AND K. 


To illustrate the process that was used in calculating the values for 
C and K from the experimental data, the data from experiment 1A 
given in Table 1 will be used. 

Referring to the general equation (11): =C+K log, = (e=4)), 
the values a and 6 are obtained directly from the data of Table 1, 
experiment 1A. 

The value of ¢ is obtained by averaging the sums in the fifth 
column, omitting the first figure, and dividing by 2. 


(15) c= 12.43. 
Substituting these values in equation 11, this equation is obtained: 
(16) t=C+K log,, (20.88—1.680y). 


By substituting corresponding values found for ¢ and y, as many 
different equations can be formed from (16) as there are analyses. 
Then by taking any two of these equations, values for C and K can 
be calculated. In all the calculations that were made, the figures 
from either the fourth or the fifth analyses were taken together with 
each of the others in turn, and C and K evaluated. In making the 
calculations from experiment 1A, the fourth analysis was used to 
pair with each of the others. 

Exception may be taken to the use of one set of values for ¢ and y" 
in making the pairs of equations, as the chosen figures affect very 
unequally the values for C and K. Inaccuracies in the chosen figures 
due to analytical error and other causes are thus given greater weight. 
On the other hand, the results found in the fourth or fifth analyses 
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are less affected by interfering actions taking place in the apparatus. 
The earlier data are more affected by diffusion of the hydrogen. 
That obtained later is more affected by absorption of oxygen by the 
coal. Considering these interferences, the data obtained from the 
fourth or fifth analyses may be considered to most nearly approach 
that which might be obtained under ideal conditions. For these 
reasons one or the other was chosen and used in each calculation for 
values of C and K. Which analytical result was used in this way 
is mentioned below the tables of data for each experiment. 

Thus in experiment 1A, substituting the figures from the first and 
fourth analyses in equation 16 and solving, C=5.53 and K=—3.358. 

Analyses second and fourth give C=6.06, K=—4.086. 

Analyses third and fourth give C=6.20, K=—4.279. 

Analyses fifth and fourth give C=6.25, K=—4.343. 

Analyses sixth and fourth give C=5.97, K=—3.960. 

Analyses seventh and fourth give C=5.92, K=—3.888. 

Analyses eighth and fourth give C=5.80, K=—3.735. 

The values for C and K found by use of the results of the first 
analysis were always materially less than these found with the other 
analyses. This was because of the rapid diffusion of the oxygen 
from the coal compartment into the upper compartment immediately 
after removing the diaphragm, and to a less extent because of the 
rapid diffusion of the hydrogen. 

The results obtained from the other analyses taken in turn show 
fair agreement, though the divergence here is larger than usual. 
Omitting C and K, obtained by use of the first analysis, and aver- 
aging the rest gives: 


(17) C=6.03. 

(18) K=—4.05. 

By substituting these values for C and K equation 11 becomes: 
(19) t=6.03—4.05 log,, (20.88—16.80y). 


Giving y in equation 19 values 0, 1,2,3,...... ,2, shown in the 
sixth column under experiment 1A, Table 1, and solving, the corre- 
sponding values for ¢, given in the first column, are obtained. The 
results calculated in this way for the various experiments are shown 
in figures 5 to 25 by the X marks. 

The agreement between the curves of the experimental data and the 
data calculated on the assumption that at any time the rate of diffu- 
sion of oxygen is directly proportional to the difference in concentra- 
tion of oxygen in the lower and upper compartments is vary marked. 
The principles of diffusion stated by Fick are found, then, to apply 
closely in the case of the diffusion of oxygen through the atmosphere 
in the voids of broken coal. 
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Ficure 5.—Graph from data of experiment 1A given in Table 1. 


given in Table 1. 


.—Grapbh from data of experiment 1B 


Figure 6. 
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7.—Graph from data of experiment 2A given in Table 2. 


FIGURE 


Google 


26 


DIFFUSION OF OXYGEN THROUGH STORED COAL. 


Ficure 8.—Graph from data of experiment 2B given in Table 2. 
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Ficure 9.—Graph from data of experiment 2C given in Table 2. 


Ficure 10.—Graph from data of experiment 3A given in Table 3. 
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Figure 11.—Graph from data of experiment 8B given in Table 3. 
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Figure 12.—Graph from data of experiment 4A given in Table 4, 


Figure 18.—Graph from data of experiment 4B given in Table 4. 
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Ficure 16.—Graph from data of experiment 6A given in Table 6. 
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Fiaure 17.—Graph from data of experiment 6B given in Table 6. 
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Figure 18.—Graph from data of experiment 7A given in Table 7. — 
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FievurE 19.—Graph from data of experiment 7B given in ‘Table 7. 
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Ficure 21.—Graph from data of experiment 8B given in Table 8. 
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Ficure 22.—Graph from data of experiment 9A given in Table 9. 
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Fioure 23.—Graph from data of experiment 9B given in Table 9. 
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Ficure 24.—Graph from data of experiment 10A given in Table 10, - 
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Ficure 25.—Graph from data of experiment 10B given in Table 10. 
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EFFECT OF PROPORTION OF VOIDS. 


In figure 26 the relations between the percentages of voids and the 
time required for a definite amount of diffusion to occur are plotted. 
The dotted curve is a hyperbola placed symmetrically with respect 
to the axes. The curve drawn in full is a hyperbola unsymmetrically 
placed. In figure 27 the percentages of voids are plotted as abscissas 
and the products of the percentages of voids and K as ordinates. 
Here the dotted line parallel to the axes of abscissas corresponds to 
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Ficure 26.—Graph showing percentage of voids against constant K, from data in Table 11. 
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the symmetrical hyperbola in figure 26, and the oblique line drawn 
in full corresponds to the unsymmetrical hyperbola. 

It is seen that the points fall nearest the unsymmetrical hyperbola 
of figure 26 and the oblique Jine of figure 27. Points from the large 
coal and the mixed fines, which were shaken in the apparatus, with 
resulting segregation, deviate most and may be neglected. It is 
probable that the deviation from the symmetrical hyperbola may be 
due to certain features inherent in the experiments as performed 


Google TR oe poy ee 


EFFECT OF PROPORTION OF VOIDS. 33 


and that under ideal experimental conditions the symmetrical hyper- 
bola would represent the relations. 

Under the ideal conditions the atmosphere in the lower and the 
upper compartments would be uniform in concentration throughout 
each compartment. Under the conditions used the concentration of 
oxygen near the surface of the coal in the upper compartment was 
undoubtedly greater than at a point farther away, and vice versa 
for the lower compartment. The excess of ‘oxygen at the one surface 
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Ficure 27.—Graph showing percentage of voids against product of percentage of voids 
and constant K, from data in Table 11. 

and the deficiency at the other would tend to cause a lag in the rate 
of diffusion when compared with that under the ideal conditions, 
and the lag would be greater with greater percentage of voids and 
greater diffusion. An explanation of the cause of the unsymmetrical 
hyperbola may be found in this lag. 

Although these considerations are worthy of note, the conclusions 
have been drawn from the relations of the unsymmetrical hyperbola 
as most nearly representing the results found. 
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TABULATED DATA. 


TABLE 1.—Data from 40 to 60 mesh coal, 8 inches thick 3 proportion of voids, 46.5 
per cent. 


EXPERIMENT 1A. 


Aimiysia| age ot al nat of O; 

nalysis | age of Oz] age o 

Time (hours), No. found in found in 
bottom, 
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K was evaluated with analysis No. 4. Equation, t=6.03—4.05 logio (20.88—1.680y). K=4.05, 
EXPERIMENT 1B. 
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K was evaluated with analysis No. 4, Equation, t=5,96—4.01 logyo (21.58—1.735 y). K=4.01. 
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TABLE 2.—Data from 4 to 10 mesh coal, 8 inches thick; proportion of voids, 43.6 
per cent. 


EXPERIMENT 2A. 


Analysis peer tags of al Geta oor age of Os 
nal age of Oz| age of O| Orin 

Time (hours). No. | found in | found in and bot iy 

bottom, top. tom, in top. 

0.97 0.00 
1.12. 1.00 
1.28. 2.00 
DAY | ae erasers es Sint i sir Corer Sige Pr eS ee EVR S Depp bean ae) 3.00 
1.58. 1 20. 60 1.43 22.08); 5 o35 sete 
NGGAe oF 2 Soa 2atetdia re sehys hss cenaa des Assses sasiceees a Oeeaece ts leecsabesde|Sesnaasste| dscetouawt 4.00 
FiO ies's vs cca a saan a cagh’e csdsnns donk aewios onus a¥nyacigus cumeeed 's.nucemare ais. < [otc cares bra] ser els tes'e/sta 5.00 
2.13. 2 18. 66 5.79 24.45 |.......--. 
BT ids we sancsdes see droats ane Cee cares te zy Seretavesissls caeteGnas]s mascaaee dlaces fasbe]cenccwe ves 6.00 
oe Oe EES aera OEE eee ET OE Dee EE Oe Ee: Paid Pek aati 80-4 Epanieiees p 7.00 
2.70. 3) 16. 99 7.54 Ye ee 
BOB ssc insdcen pocesecgsnessne ses paca he sehazalcesaGel pcs aced eat sooeceseualiscnscseed|tesesweaea 8.00 
3.25 4 15. 62 8.78 24.40 |....-...-- 
Bon pea eactepecGahe ss ta patetes ee anse ees hes cane essen Enotes theca sacsk esd teestesatelsasererees 9. 00 
WR ee siicnccxs conccasceciewe seasusswose ceases secigsitsfeceous seep 1 Sieig idare(s ord] #6 cies Reroiaat ale cle’s Gaisiare 10.00 
4.28.. 14. 06 10.31 24.37 |..0.0..2- 
Bi OD vin'vveign Sowselotgeesesqivasd se Hee ene uti ceisweiss awk 5) vezee ev edelevsUnebssbloabees scl eee cou ass 11.00 
5.48... 6 13.12 11.23 MSS ib sS.sec. 3s 
QOD es ios cores Sa we rwg apeacs ab cme sano nes so26 see ScsdaSn lice sucisws]aswanssaimslseongetiess een ac sane 11.50 
6.58... 7 12. 66 11.69 MBB hosdecasacs 
BID as ieacodecwtetsansoateadtsteanesen pes o4503$395ec5)e05s0ebene ee ee Cece | 12.00 


K was evaluated with analysis No. 5. Equation, t=6.46—4.11 log ye (21.72—1.779y). K=4.11. 
EXPERIMENT 2B. 
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xX was eValuated with analysis No. 4. Equation, t=6.60—4.14 logye (21.40—1.794y). K=4.14. 
EXPERIMENT 2C. 
0. 00 
1. 00 
1. 00 
i. - 00 
A. ; 
1 . 00 
A 00 
1, cee 
2. 00 
BGs conta ctpsessretacdeascseawcesessedaawasteasal) | BUF | NRSdQu e cOUZAll) OMB ek 
2. 00 
2. aise 
2. 00 
3. 9.00 
3. A 
4 10.00 
WAT ca cncncccnccccccccecsccccercccccccscccsccsseseee] = = 8 6] 13,63) 10.41 | 24.04 ].......... 
4. 10.50 
Beles whcscetsbccderedessawasecesadnassencserapensava] MOHD AED CLOSBOT 230002 cces co 
5. 11.00 
5. 11.30 
TOD cass seaarkacseagudvaWewderGetensignastestesceve Bi F2ORT SEIS” 20. asccae 
6. 11.60 
2. 11.80 


K was evaluated with analysis No.4. Equation, t= 6.42—4.18 logio (21.58—1.792y). K=4.18. 
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TABLE 3.—Data from 2 to 4 mesh coal, 8 inches thick; proportion of voids, 41.5 
per cent. 


EXPERIMENT 3A. 


Haatpdlal teen 0: | we ce Oaloete te age of 05 
naly: age of O2| ageo Pp 

Time (hours). No. | found in | found in | and bot- “alee 

bottom. top. in top 

WES os sccaccsses ceceasetweds Faas Pes Eeasonisesonee aes 0.00 
OD scs bcs aces 1.00 
y 1 Us eee ir tes 2.00 
195 .ccs222052 3.00 
TD Bdsar 56.05,342cos te cteinwetecessectencesttasseaeescsa OC VEO SRT USO as eek 
5 4.00 
OR eee 5.00 
POS osha he cotetagecansederee orcas cae ceaceseaeapecescet Qh A TR oc (ROOT SOO icc. 
DOB c.ckeskcba cee 6.00 
2.42... 7.00 
8 Serer et Peer yen Minnis Feet weet eee PEeee reas mes 1 (amie tr 0 o 1a) aie, cd Ra Oe 
2.82. 00 
BOT pest E TESS RIA wes eae A SMR eee ME SABRES) Se PROP octet es 
ao 9.00 
4.07. ear 10.00 
5.1. ane 11.00 
Ye SED AL Ce NR © ST Ere Ue EERE Re HE 3 NUE RODS Haan 11.50 
WAG i, seman ac Pees set noes oot aha ch pa eect oes longs Sona pat tosuesser tae Parte need 11.70 
BUR icasst ceed icenipcs apaar ere tascnddtss canvadateaaes 11.80 


K was evaluated with analysis No. 5. Equation, t=6.43—4.19 logye (21.73—1.087y). K=4.19. 
EXPERIMENT 3B. 


0. 0.00 
0. 1.00 
0.! 2.00 
1. 3.00 
BAT. cca ssaasienneeerapnashisceiaussspensaggverwssasceel’ . ORES SG) ORR BE GR ccsseacee 
BBD sen cascpaaiuenceansvediu cae eviqnesegecnncvca seb ed loins eeWindbeesde ss calesuesrvesschiassceten 4.00 
TM 05.5 Ciba p se Socevyrgeanen Te eeuees PAGS HS bes Rages Sheea be Canes othe teussamtale tense ckaaleaserrsect 5.00 
BGS ievadsasctrceyengiciesensvicueateecessessseecnss|, 6 ef, TASB CORD SEM saccces.: 
| PEEL TS One PEE ee er eee eee Pe ree re Se Pie cen He ee meeps 6. 00 
BAG. 0 ic ce cusncoderens eb5id ey 0hes decide sean harsine yh ylodeasesaat leernessuettsesasay ase leetabeune 7.00 
DE sts accent eaiden ts SOeGWRE Ries MstabeesasQaeeee|) | ae, Mee BOE SRES heazcceses 
BOBS s a 5a peSah oe ows ag ans cas epwenconrsa dongs capes esele catcmatadecntennisalcswesaressbGsaaeebes 8.00 
Bis aus eure cposentaseacSataaegeesacetenseccasgeescst |S ORE ROR DRA coy nce 
BiB a6 on cgina ses sik een de dk ing Sawa gety Soe 7 FRG Vee sdedey ole ac sae shsp tapeunnedelinsqgeecaspeoyesercat . 00 
DER sen Seca doce sewe sens atedstesgesaseuineeseccsses, 9 OL A RRR OOS a caste 
BIO ran gdy o gediesak Sagsegarqtaes ges Soe segasereeh eG we [Sees aesa aloes aeced| estes exes nade ewewce 10.00 
GAD secs coteias sé desideccrastadecaasesctesieaiaaasacsy | Gj! 28,80\> “QOS OB oes ees 
GT Saks asetTiae suey epeahea tps. csocas Sia bday aWeeesd sales ksdes'e| Shea heecalbaeg inne veladeasew'ege 11.00 
Ly) ee Ren rere reer Cn err eee re orry eet eccen) Bracket Gee cee) Geer 11.50 
Deis adeSivetocremassaeeeeeceeR tee eesaeeseeaaseascel = = | ee) | AD ARI SUED MO. SO eee 
BOB ecccpstactnaacieecaspassterasatoacaeaavecogssaness} = (SO | AGO « MBN SRR oc 
7.79. 12.00 
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K was evaluated with analysis No. 5. Equation, t=6.15—4.11 logy (21.73—1.778y). _K=4.11. 
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TABULATED DATA, 37 


TasLe 4.—Data from 1 to 2 inch coal, 8 inches thick, proportion of voids, 45.3 
per cent. 


EXPERIMENT 4A, 


Analysis | age ot Os | ageol Os| Onin top | 88° of Os 

nalysis | age of O2/ age of O2 n top 

Time (hours). No. | found in| found in | and bot- * 
bottom. | top. 


wre 
838 


wee 
333s 


BALSARENSENS ARE 


PAAAMeeWwWONON 


K was evaluated with analysis No.5. Equation, t=6.07—3.93 logis (21.39—1.758y). K=3.93, 
EXPERIMENT 4B. 


PES 


338 


38 


oe 
ss 


em 
ss 


K was evaluated with analysis No. 5. Equation, ¢=5.88—3.79 logis (21.23—1.790y). K=3.79. 


Norte.—The results of the sixth, seventh, and eighth analyses were not used in making the calculations. 
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38 DIFFUSION OF OXYGEN THROUGH STORED COAL. 


TABLE 5.—Data from mized 2 to 4 and 40 to 60 mesh coal, 8 inches thick, calcu- 


lated proportion of voids in mézture, 19.3 per cent. 


EXPERIMENT 5A. 


Anal age of O 6 of Oz | Oz in to 
Time (hours). alysis found in | found in | and bot. | <calcu- 


top. 


bottom. 


+1 


BRSBEhent 


BONMAT RR WON eee 
On 


RebashsRsss 


Percent- | Percent- 


Percent- 

Sum of of Os 
bot- lated) 
top. 


K was evaluated with analysis No. 5. Equation, t11.21—8.54 logio (21.24—1.794y). K-=8.54. 


EXPERIMENT 5B. 


—) 
2 
: 


Seman ne POW eee 


-~ 


K was evaluated with analysis No. 5. Equation, t=10.13—8.77 loge (25.10—1.796y). 


Pe epeo 
8233828 


K=8.77. 


NotE.—Wire ignitor burned through; ignition lasted 15 minutes; 14.5 liters of hydrogen used. 
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TABULATED DATA, 39 


TasLe 6.—Data from mized 2 to 4 and 40 to 60 mesh coal 3} inches thick; cal- 
culated proportion of voids in mizrture, 19.3 per cent; placed in lower com- 
partment, 9059 grams of 2 to 4 mesh coal and 3432 grams of 40 to 60 mesh 


coal, 
EXPERIMENT 6A. 


P t- ¢ | Percent- 


ercen’ 
Analysis | age of O3 
Time (hours). No. found in found in 


Sepep 
s3sss 


$2 


K was evaluated with analysis No. 4. Equation, ¢=5.17—3.92 logo (23.88—1.887y). K=3.92. 


Nore.—Ignition lasted 20 minutes; wire burned; 19 liters of hydrogen used. Small leak in lower com- 
partment caused a steady increase in sum of oxygen in top and bottom. 


EXPERIMENT 6B. 


Angysis| afoot 0s|ageet Os | Grin tp |*Fegr Os 

6 0! 6 0 
Time (hours). No. | found irr | focused int and bot. “fealow 
bottom. | top. tom. in top 


pre 
338s 


ZSy8ee 


BESSSRZERERS 


Fa 


PORT SOSONNN NNER Ere 


K was evaluated with analysis No, 5. Equation, t=6.09—3.95 logis (20.92—1.834y). K=3.95. 
Notse.—There was a small leak in the lower compartment. 
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40 


DIFFUSION OF OXYGEN 


THROUGH STORED COAL. 


TABLE 7.—Data from 4 to 10 mesh coal, 5} inches thick; proportion of voids, 
43.6 per cent; coal placed in lower compartment, 4,720 kg. 


Time (hours), 


EXPERIMENT 7A. 


f 
Analysis | age of O2| age of O2| Ov in top 
found in | found in = bot- 


No. 


sBSSRERSGS SG SEERTESS 


o 


SONS VOPPNNNeE EEE EEE oS 
a 


wy 


K was evaluated with analysis No. 4. 


SRNR SOON N NN ERE Eee 


-_ Qt St ee ee Sy aeh > 
SSSYSLOSVSRE 


Equation, t=4.86—3.03 logio (21.81—1.770y). K=3.03. 
Note.—Seventh analysis not used in calculating; small leak in lower compartment. 


EXPERIMENT 7B. 


0.00 

1.00 

2.00 

3.00 

4.00 

5.00 

6.00 

Pt) eee 
acispavee'e 7.00 
sebadarsce 8.00 
95.55 |. .ocecssee 
Peamees con 9.00 
pas eee rer es 
peewesewiste 0.00 
BB TMs cteweens s 
resscerees 11.00 
sederpesed 12.00 
25.901. 025 -c.526 
Pare Ceres . 50 
26.14 |.......... 
26.16 |......-6 - 


K was evaluated with analysis No. 5. Equation, t=5.01—3.04 logio (22.42—1.739y). K=3.04. 
Nore.—Eighth analysis not used in calculations; small leak in lower compartment. 


Google 


TABULATED DATA, 41 


Taste 8.—Data from mized fines from storage piles, 8 inches thick, shaken 
down in apparatus, sample representing coal midway up side of storage piles 
of an industrial plant; proportion of voids, 33.4 per cent. 


Ainajids| EST LE | Cnet |peneoe 

naly age of Og | age of O;' O: in top 

Time (hours). No. found in | found in | and bot- eee 
bottom. | top. tom. | jnt or 


CRNNPAVALSSNONOOYNE MEE SSOSS 
RBSSSSSIGESRSUIERSBSSNNBILES 


K was evaluated with analysis No. 4. Equation, t=6.61—4.66 logio (23.83—1.890y). K—4.66. 
EXPERIMENT 8B. 


K was evaluated with analysis No. 4. Equation, t= 7,12—4.78 logy (21.63—1.799y). K=4.78. 
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42 DIFFUSION OF OXYGEN THROUGH STORED COAL. 


TaBLe 9.—Data from mized large coal from storage piles, 8 inches thick, sample 
Tepresenting coal from bottom of storage piles of an industrial plant; pro- 
portion of voids, 43.9 per cent, 


EXPERIMENT 9A. 


Anatysls|agesTSs| ges | Oat | eat 
nalysis | age of Oz | age of Og | O2 in top : 
Time (hours). No, found in | found in | and bot- | {Cvlc 
bottom, top. tom. in top. 
0.60 0.00 
0.75 1.00 
0.91 2.00 
1.09 3.00 
I Wessocisceetihes eidesacvecostovmesseaesceeaed A fT A@NIO | B78] aR AO aozc eee 
1.29 4.00 
1.52 5.00 
MEDD sooo eed ee Pa nea Ne ee ee a © GIBB pe BLOB oo SEBS: fe oe er 
1.78 6.00 
ee ages asee 
2. 7.00 
PAB oa sgcosh inde wecretesdettadineiticcsscgacceecacessea A *TGI00 Tt 6 7SRL + SBA licen. ee 
2-49 8.00 
PSG sn Soca ietevaytinuviseies Maaiessesesaaccsveseelal | | OB, ISUORM BIG) SBE cscs 
2-99 9.00 
GOS oo oie SeSaked s eeansedeteaigsastezeteadectesncecayy | Bi, ABO8) OLB RB oa ees cce 
3.71 10.00 
1.01 10.30 
4.37 10. 60 
4 47 es 
1.66 10.80 
501 11,00 
245 11.20 
PBB icp satensbonseoasanetoasteed st cctsesezeastael|| Bi), daiaal|” tas)". 9867 [bat erece 
807 11.40 
6.47 11.50 
7-03 11.60 
or apa he anh we pein ae SAN Sa EP OO (Rd es ©) Gl ies FOS oe 8) eee 
ke = 
738 11.70 
51 11.80 
K was evaluated with analysis No. 4. Equation, t= 5.80—3.87 logy (22.80—1.862y). K=3.87. 
EXPERIMENT 9B. 
0.66 0.00 
0.80. 1.00 
0.95. 2.00 
1,13.. 3.00 
BP2icsticdauenssshtisebbasoes ihievcedasscsaaeeseeecel: © ORC ROYBST 9 SBuSF ERO et went i 
1.32.. 00 
1.55.. 7) 
163... Ee A he 
1.80 00 
DOE ciad cokes cokes initd abo een dee bee eee es aly VIGSBE | > \OS7E le Sats 30'loccecon te 
210 00 
BOT oases teoit eens theewdvteea ite totes itehaseseed, 0 MA ABS TSC” 2s98 Vt 388)5O! sasesgo-4< 
2.48 “0 
2 98 “00 
3.31 50 
3.71 00 
4.02 . 30 
4.20 
4.40 
4.71 
5. 
BUS yoo 4 Sones oedyhtee ceatedahoeds eesasoecercace |W TAN, SUaRSLN AUEOR | | S2BE80F [ec ay 
5.63. 11.20 
6.42.. 11.40 
WOG de stisgis2ie4and soscsdben salstdehedencadeansde ee 11.50 
PACS 25508 Sistatidsotethseviehetesdszenspetesecaseeay) | SO) EV BI SE 138285 lees ees, 
SOG codes Set eSsh anh bade vase ste etaac owen te 11.60 
11.85 11.70 


K was evaluated with analysis No. 4. Equation, t=5.63—3.66 logy (22.88—1.950y). K=3.66. 
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‘ TABULATED DATA. 43 


TasLe 10.—Data from mized fines from storage piles, 8 inches thick, not shaken 
down in apparatus; proportion of voids, 36.9 per cent. 


EXPERIMENT 10A. 


| 
Anaya SEES, ROT | SSE |sgpetos 
nal age of O2 | ageo nto 
Time (hours). No. |tonnd fin | Sound in Land bor “ale 
bottom, | top. tom. | in top 


ONNNPP PTS SSOP PNP EE ESS 
SSHSSLASSSSSSAREGSSLARSLSRS 


11.16 


K was evaluated with analysis No. 4. Equation, t=7.10—4.76 log 1» (21.13—1.794 y). K-=4.76. 
EXPERIMENT 10B. 


SSE8 


BESERS 


K was evaluated with analysis No.4. Equation, t=7.25—4.92 log. 1» (21.04—1.814 y). K=4.92. 
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44 DIFFUSION OF OXYGEN THROUGH STORED COAL. 


TABLE 11.—Summary of data from tests. 


Product 
Kcaleu-| 0! per- 


Percent- | Depth of | K=deci- centage 
Size of coal, meshes lated for 

Experiment No. per inch. eee coal layer jars 8 inches es Sy lye 

of depth. |'s inches 

of depth. 

1 
———_ ——_ }—__ |} 

46.5 8 4.05 188.4 

46.5 8 4.01 |. 186.5 

43.6 8 4.11 179.1 

43.6 8 4.14 180.5 

43.6 8 4.18 182.2 

41.5 8 4.19 |. 174.6 

41.5 8 4.11 170.0 

45.3 8 3.93 |. 178.0 

45.3 8 3.79 171.7 
19.3 8 
19.3 8 
19.3 KS 
19.3 33 
43.6 5 
o| sl 
BAe cade aneaeta ekgens rina scanca Storage pile, fines 33.4 8 
7 PEDAS KS TRIMS Codey yosRge SESE te shaken down, oat : 
OB 22222020 2CIIIIIIIIIIIIT Storage pile large} gig] g 
LOA ic sieee ah idomeains Aneeatun Storage pile, fines 36.9 8 
WB is ssctec steed ce tscacivzsseyess not shaken down 36.9 8 

a Inches, 
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PUBLICATIONS ON THE UTILIZATION OF COAL AND LIGNITE. 


A limited supply of the following publications of the Bureau of 
Mines has been printed and is available for free distribution until the 
edition is exhausted. Requests for all publications can not be granted, 
and to insure equitable distribution applicants are requested to limit 
their selection to publications that may be of especial interest to them. 
Requests for publications should be addressed to the Director, Bureau 
of Mines. 

The Bureau of Mines issues a list showing all its publications avail- 
able for free distribution, as well as those obtainable only from the 
Superintendent of Documents, Government Printing Office, on pay- 
ment of the price of printing. Interested persons should apply to the 
Director, Bureau of Mines, for a copy of the latest list. 


PUBLICATIONS AVAILABLE FOR FREE DISTRIBUTION. 


BULLETIN 2. North Dakota lignite as a fuel for power-plant boilers, by D. T. 
Randall and Henry Kreisinger. 1910. 42 pp., 1 pl., 7 figs. 

BuLietTin 5. Washing and cooking tests of coul at the fuel-testing plant, 
Denver, Colo., July 1, 1908, to June 30, 1909, by A. W. Belden, G. R. Delamater, 
J. W. Groves, and K. M. Way. 1910. 62 pp., 1 fig. . 

Butietin 6. Coals available for the manufacture of illuminating gas, by 
A. H. White and Perry Barker, compiled and revised by H. M. Wilson. 1911. 
77 pp., 4 pls., 12 figs. 

BuLietin 24. Binders for coal briquets, by J. E. Mills. 56 pp., 1 fig. 

BULLETIN 36. Alaskan coal problems, by W. L. Fisher. 1911. 32 pp., 1 pl. 

BULLETIN 55. The commercial trend of the producer-gas power plant, by 
R. H. Fernald. 1913. 98 pp., 1 pl., 4 figs. 

Butietin 58. Fuel-briquetting investigations, July, 1904, to July, 1912, by 
C. A. Wright. 1913. 277 pp., 21 pls., 3 figs. 

BULLETIN 76. United States coals available for export trade, by Van. H. 
Manning. 1914. 15 pp., 1 pl. 

BULLETIN 85. Analyses of mine and car samples of coal collected in the fiscal 
years 1911 to 1913, by A. C. Fieldner, H. I. Smith, A. H. Fay, and Samuel San- 
ford. 1914. 444 pp., 2 figs. 

BULLETIN 89. Economic methods of utilizing western lignites, by E. J. Bab- 
cock. 1915. 74 pp., 5 pls., 5 figs. 

BULLETIN 109. Operating details of gas producers, by R. H. Fernald. 1916. 
74 pp. 

BULLETIN 116. Methods of sampling delivered coal, and specifications for the 
purchase of coal for the Government, by G. 8. Pope. 1916. 64 pp., 5 pls., 2 figs. 

BULLETIN 119. Analyses of coals purchased by the Government during the 
fiscal years 1908-1915, by G. S. Pope. 1916. 118 pp. 
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46 DIFFUSION OF OXYGEN THROUGH STORED COAL. 


BULLETIN 138. Coking of Illinois coals, by F. K. Ovitz. 1917. 71 pp., 11 pls., 
1 fig. 

TECHNICAL PAPER 9. The status of the gas producer and of the internal- 
combustion engine in the utilization of fuels, by R. H. Fernald. 1912. 42 pp., 
6 figs. 

TECHNICAL Paper 16. Deterioration and spontaneous heating of coal in stor- 
age, a preliminary report, by H. C. Porter and F. K. Ovitz. 1912. 14 pp. 

TECHNICAL Paper 34. Experiments with furnaces for a hand-fired return 
tubular boiler, by S. B. Flagg, G. C. Cook, and F. E. Woodman. 1914. 32 pp., 
1 pl., 4 figs. 

TECHNICAL Paper 35. Weathering of the Pittsburgh coal bed at the experi- 
mental mine near Bruceton, Pa., by H. C. Porter and A, C. Fieldner. 1914. 35 
pp., 14 figs. 

TECHNICAL Paper 50. Metallurgical coke, by A. W. Belden. 1913. 48 pp., 1 
pl., 23 figs. 

TECHNICAL PAPER 55. The production and use of brown coal in the vicinity 
of Cologne, Germany, by C. A. Davis. 1913. 15 pp. 

TECHNICAL Paper 638. Factors governing the combustion of coal in boiler 
furnaces, a preliminary report, by J. K. Clement, J. C. W. Frazer, and C. E. 
Augustine. 1914. 46 pp., 26 figs. 

TECHNICAL Paper 76. Notes on the sampling and analysis of coal, by A. C. 
Fieldner. 1914. 59 pp., 6 figs. 

TECHNICAL Paper 80. Hand firing soft coal under power-plant boilers, by 
Henry Kreisinger. 1915. 83 pp., 32 figs. 

TECHNICAL PAprER 97, Saving fuel in heating a house, by L. P. Breckenridge 
and S. B. Flagg. 1915. 35 pp., 8 figs. 

TECHNICAL Paper 123. Notes on the uses of low-grade fuel in Europe, by 
R. H. Fernald. 1915. 37 pp., 4 pls, 4 figs. 

TECHNICAL Paper 137. Combustion in the fuel bed of hand-fired furnaces, 
by Henry Kreisinger, F. K. Ovitz, and C. E. Augustine. 1916. 76 pp., 2 pls, 
21 figs. 


PUBLICATIONS THAT MAY BE OBTAINED ONLY THROUGH THE SUPERIN- 
TENDENT OF DOCUMENTS. 


But.etin 3. The coke industry of the United States as related to the 
foundry, by Richard Moldenke. 1910. 32 pp. 5 cents. 

BuLLETIN 4. Features of producer-gas power-plant development in Europe, 
by R. H. Fernald. 1910. 27 pp., 4 pls., 7 figs. 10 cents. 

BULLETIN 8. The flow of heat through furnace walls, by W. T. Ray and 
Henry Kreisinger. 1911. 32 pp., 19 figs. 5 cents. 

BuL_eTIn 9. Recent development of the producer-gas power plant in the 
United States, by R. H. Fernald. 82 pp., 2 pls. 15 cents. 

Butietin 11. The purchase of coal by the Government under specifications, 
with analyses of coal delivered for the fiscal year 1908-9, by G. S. Pope. 80 
pp. 10 cents. 

BuLLeTIN 13. Résumé of producer-gas investigations, October 1, 1904, to 
June 30, 1910, by R. H. Fernald and C. D. Smith. 1911. 393 pp., 12 pls., 250 
figs. 63 cents. 

BULLETIN 14. Briquetting tests of lignite at Pittsburgh, Pa., 1908-9, with a 
chapter on sulphite-pitch binder, by C. L. Wright. 1911. 64 pp., 11 pls., 4 figs. 
15 cents, 

BuLieTIn 18. The transmission of heat into steam boilers, by Henry 
Kreisinger and W. T. Ray. 1912. 180 pp., 78 figs. 20 cents. 
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BuLLeTIN 21. The significance of drafts in steam-boiler practice, by W. T. 
Ray and Henry Kreisinger. 64 pp., 26 figs. 10 cents. 

BULLETIN 22. Analyses of coals in the United States, with descriptions of 
mine and field samples collected between July 1, 1904, and June 80, 1910, 
by N. W. Lord, with chapters by J. A. Holmes, F. M. Stanton, A. C. Fieldner, 
and Samuel Sanford. 1912. Part I, Analyses, pp. 1-321; Part II, Descriptions 
of samples, pp. 821-1129. 85 cents. 

BULLETIN 23. Steaming tests of coals and related investigations, September 
1, 1904, to December 31, 1908, by L. P. Breckenridge, Henry Kreisinger, and 
W. T. Ray. 1912. 380 pp., 2 pls., 94 figs. 50 cents. 

BULLETIN 27. Tests of coal and briquets as fuel for house-heating seeba 
by D. T. Randall. 44 pp., 3 pls., 2 figs. 10 cents. 

Bu.tetin 30. Briquetting tests at the United States fuel-testing plant, Nor- 
folk, Va., 1907-8, by C. L. Wright. 41 pp., 9 pls. 15 cents. 

ButuetTin 31. Incidental problems in gas-producer tests, by R. H. Fernald, 
C. D. Smith, J. K. Clement, and H. A. Grine. 29 pp., 8 figs. 5 cents. 

ButieTin 33. Comparative tests of run-of-mine and briquetted coal on the 
torpedo bout Biddle, by W. T. Ray and Henry Kreisinger. 50 pp., 10 figs. 5 
cents. 

BULLETIN 34. Tests of run-of-mine and briquetted coal in a locomotive boiler, 
by W. T. Ray and Henry Kreisinger. 33 pp., 9 figs. 5 cents. 

BuLieTIN 35. The utilization of fuel in locomotive practice, by W. F. M. 
Goss. 29 pp., 8 figs. 5 cents. 

BULLETIN 37. Comparative tests of run-of-mine and briquetted coal on loco- 
motives, including torpedo-boat tests, and some foreign specifications for 
briquetted fuel, by W. F. M. Goss. 58 pp., 4 pls., 35 figs. 15 cents. 

BuLieTin 40. The smokeless combustion of coal in boiler furnaces, with a 
chapter on central heating plants, by D. T. Randall and H. W. Weeks, 188 pp., 
40 figs. 20 cents. 

BULLETIN 41. Government coal purchases under specifications, with analyses 
for the fiscal year 1909-10 by G. S. Pope, with a chapter on the fuel-inspection 
laboratory of the Bureau of Mines, by J. D. Davis. 1912. 97 pp., 3 pls., 9 figs. 
15 cents. . 

BULLETIN 63. Sampling coal deliveries and types of Government specifications 
for the purchase of coal, by G. S. Pope. 1913. 68 pp., 4 pls., 3 figs. 10 cents. 

TECHNICAL Paper. 1. The sampling of coal in the mine, by J. A. Holmes. 
1911. 18 pp., 1 fig. 5 cents. 

TECHNICAL PAPER 20. The slagging type of gas producer, with a brief report 
of preliminary tests, by C. D. Smith. 1912. 14 pp, 1 pl. 5 cents. 

TECHNICAL Paper 65. A study of the oxidation of coal, by H. C. Porter. 1914. 
30 pp., 12 figs. 5 cents. 

TECHNICAL Paper 114. Heat transmission through boiler tubes, by Henry 
Kreisinger and F. K. Ovitz. 1915. 36 pp., 23 figs. 10 cents. 
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